Cytoplasmic male sterility (CMS) plays an important role in the production of soybean hybrid 35 seeds. MicroRNAs (miRNAs) are a class of non-coding endogenous ~21 nt small RNAs that 36 play crucial roles in flower and pollen development by targeting genes in plants. Here, two 37 small RNA libraries and two degradome libraries were constructed from the flower buds of 38 the soybean CMS line NJCMS1A and its restorer (Rf) line NJCMS1C. Following 39 high-throughput sequencing, 558 known miRNAs, 103 novel miRNAs on the other arm of 40 known pre-miRNAs, 10 novel miRNAs, and a number of base-edited miRNAs were 41 identified. Among the identified miRNAs, 76 differentially expressed miRNAs were 42 discovered with greater than two-fold changes between NJCMS1A and NJCMS1C. By 43 degradome analysis, a total of 466 distinct transcripts targeted by 200 miRNAs and 122 44 distinct transcripts targeted by 307 base-edited miRNAs were detected. Further integrated 45 analysis of transcriptome and small RNA found some miRNAs and their targets' expression 46 patterns showing a negative correlation, such as miR156b-GmSPL and miR4413b-GmPPR. 47 Previous reports showed that these targets might be related to flower bud development, 48 suggesting that miRNAs might act as regulators of soybean CMS fertility. These findings may 49 provide a better understanding of the miRNA-mediated regulatory networks in CMS 50 mechanisms of soybean.
INTRODUCTION
miRNA-5p/miRNA-3p duplex must be one or fewer, and the size of the asymmetric bulges 136 must be two bases or smaller; (4) The miRNA-5p and miRNA-3p are simultaneously on the 137 two arms of pre-miRNA secondary structures, and one of the mature miRNAs must be no 138 fewer than five; (5) The candidate miRNA precursor must have high negative minimum free Stem-loop qRT-PCR and qRT-PCR were carried out to validate differential expression levels 151 of miRNAs and miRNA targets, respectively (Chen et al. 2005) . All primers (Table S1) 
RESULTS

170
Overview of small RNA library data sets 171 Two small RNA libraries were constructed using total RNA obtained from flower buds of the 172 CMS line NJCMS1A and its Rf line NJCMS1C and sequenced by Illumina Solexa 173 high-throughput sequencing technology. After removing adaptor contaminants and 174 low-quality reads etc., a total of 11,974,839 and 12,072,909 clean reads were obtained from 175 the two libraries, respectively, ranging from 18-nt to 30-nt in length ( Figure 1A ). Using the 176 SOAP software, more than 80% small RNA tags were perfectly mapped to the soybean 177 genome ( Table 1) .
178
Upon analyzing the small RNA tags between NJCMS1A and NJCMS1C, we found that 179 NJCMS1A and NJCMS1C comprised 14.86% and 18.31% of the total sRNAs ( Figure 1C ), 180 respectively. Only 12.64% of unique sRNAs were shared between the CMS line and its Rf 181 line ( Figure 1D ). Moreover, the NJCMS1C-specific unique sRNAs were greater than those of 182 NJCMS1A, which means that most of the unique sRNAs found in NJCMS1C flower buds 183 were different from those in NJCMS1A ( Figure 1C , D).The small RNAs annotation for the 184 two samples is shown in Figure 1g and h. The majority of small RNAs were 21-24 nt, and 185 24-nt small RNAs were the most abundant ( Figure 1A) , which is in accordance with the 186 previously reported miRNAs of soybean (Song et al. 2011) . The mappable small RNA sequences were aligned with the known soybean miRNAs using 191 miRBase 21.0. A total of 499 known pre-miRNAs corresponding to 558 mature miRNAs that 192 belong to 222 families were detected (Table S2, S3 ). The sequences of some miRNAs were 193 tagged with "D" (Table S2) , representing that these were either shorter or longer than the 194 mature miRNAs in miRBase 21.0; these can be classified as isomiRNAs and may share the 195 same target genes with the mature miRNAs. Through high-throughput sequencing, 103 novel 196 miRNAs on the other arm of known pre-miRNAs were identified in two samples (Table S4 ).
197
The predicted secondary structure of MIR160f was selected as an example and is shown in To identify novel miRNAs, all unannotated and mappable small RNAs were aligned to known 202 plant miRNAs in miRBase 21.0. The small RNAs that could not be mapped to known plant 7 miRNAs were classified as novel miRNAs. The five criteria described in the materials and 204 methods section were utilized to increase predictive accuracy. As a result, ten novel miRNAs 205 (five pairs) that belong to four families were identified in this study (Table 2, Table S3 , S5).
206
Precursors of these novel miRNAs were identified by MIREAP and varied from 85 to 93 nt in 207 length, with MFE values ranging from −0.47 to−0.57 kcal/mol/nt. The MFEI values ranged 208 from 1.15 to 1.65 (Table S5) , all of them being greater than 0.97 and the average being 1.36.
209
The length of all of the mature miRNAs was 21 nt. Some of the novel miRNAs, such as 210 novel_mir_003a to novel_mir_003b, shared the same mature sequence but had different 211 precursors that came from different loci. The secondary structure for the precursor of 212 novel_mir_003a was selected as an example and is shown in Figure S1B . Overview of miRNA with base edits 215 In the present study, we detected miRNA with base edits by aligning unannotated sRNA tags 216 with mature miRNAs from miRBase21.0. A total of 174 miRNA members exhibited base 217 edits and the miRNA editing frequency was 0.13% to100.00% (Table S6 -1, Table S6 -2).
218
Some miRNAs, such as miR1516a-3p, were not found by sequencing, but its base-edited 219 miRNA was detected in this study (Table S6 -1).The miRNA base edits had truly occurred in 220 soybean, as confirmed by our sequencing results ( Figure S2 ). Most of the miRNA editing 221 events occurred at nucleotide positions of 5-17 and the miRNA editing patterns were similar 222 between the two lines, but the editing frequency at position of 11 is slightly lower (Figure 2A ).
223
The most dominant nucleotide substitution types were A->G, C->U and G->U ( Figure 2B ).
224
To validate the occurrence of the miRNA editing, the two most frequently observed editing 225 types (A->G and C->U) were examined. The precursor miRNA sequence was cloned from the 226 soybean genome, and the mature miRNA sequence was cloned from the cDNA reverse 227 transcribed by the stem-loop reverse primers. Both sequencing and validate results confirmed 228 that nucleotide substitutions had truly occurred during the mature miRNA processing (Table   229 S6, Figure 2C , D). However, the reason for the variant edition type and their function in 230 mature miRNA processing or gene expression regulation remains elusive and warrants further 231 study.
233
Comparative analysis of small RNAs
234
Throughout all the identified miRNAs in the flower buds of NJCMS1A and NJCMS1C, 76 235 differentially expressed miRNAs (including 74 known miRNAs and two novel miRNAs) with 236 more than two-fold relative change was identified (Table S7 ). Among the differentially 237 expressed miRNAs, 28 miRNAs were up-regulated in NJCMS1A, and the remaining 238 miRNAs showed higher expression levels or were only expressed in the flower buds of 239 NJCMS1C (Table S7 ). The miR4393a and miR5667 were only expressed in NJCMS1A, and 240 miR4346, miR4372a, miR4400, miR4994-5p, and miR5785 were only detected in NJCMS1C.
241
In particular, gma-miR4346 showed a high relative expression level and may have a unique 242 function in the process of pollen development in NJCMS1C. Of the differentially expressed 243 novel miRNAs, most of them were only expressed in NJCMS1A or NJCMS1C (Table S7 ).
244
To examine miRNA expression, ten selected differentially expressed miRNAs were assayed 245 by stem-loop qRT-PCR. As showed in Figure 3 , nine of these were consistent with the 246 sequencing reads. However, miR6300 was found to be up-regulated in NJCMS1C, but was 247 enriched in NJCMS1A based on the high-throughput sequencing analysis and this result 248 warrants further study. Here, we performed degradome sequencing and analysis to search for the miRNA targets in 253 NJCMS1A and NJCMS1C. A total of 12,288,476 and 12,617,159 clean reads were generated 254 from the NJCMS1A and NJCMS1C libraries, respectively (Table 1) . More than 98.00% of the 255 tags were 20 or 21 nt in length ( Figure 1B) , as expected from the normal length distribution 256 peak of degradome fragments. Of the unique tags, 41.89% and 43.24% were from NJCMS1A 257 and NJCMS1C, respectively, and only 14.87% of them were shared between NJCMS1A and 258 NJCMS1C (Figure1E, F).
259
To better understand the function of miRNA in flower bud development, we performed a 260 conjoint analysis of the miRNA and degradome together. A total of 466 distinct transcripts was conducted. As a result, 122 distinct transcripts targeted by 307 base-edited miRNAs were 272 detected ( Table S10 ). Most of the targets of the base-edited miRNAs were the same as for the 273 corresponding miRNAs for which no base editing had occurred (Table S11 ). However, some 274 targets were filtered out by the base editing. For example, there were 75 targets of miR156b 275 and miR156f, but as a result of the base edited, only 61 targets were detected (Table S11) . 276 Interestingly, we also detected some new targets that were not targeted by miRNA when no 277 base editing occurred, such as Glyma.05G230700.2 to Glyma.05G230700.4, which were 278 targeted by miR166h-P8CT, miR166k-P8CT, and miR166u-P8CT (Table S11 ), but not by 279 miR166h, miR166k, and miR166u. Furthermore, with base editing in position 10-11 of the 280 mature miRNA, some miRNA targets were changed. For example, no targets were detected 281 for gma-miR4403 in this study, but as a result of a base edit at position 11, one target 282 (Glyma.17G050600.1) was found ( Figure S4 , Table S11 ). 
293
As a result, 13 miRNAs (6 miRNA families) with their 7 inverse expressed target genes that 294 had a fold change >1.5 or <−1.5 were identified (Table S12, Figure S5 ). Among them, the 295 conserved miRNA, miR156b, was more than 1.5-fold greater in NJCMS1A. Twenty-three 296 target genes were identified to be its targets in this study (Table S8) . However, only one target 297 showing a negative correlation with miR156b (Table S12 ). Despite the conserved miRNAs, 298 miR4392 and miR4413b were two soybean specific miRNAs, which were also altered in 299 NJCMS1A (Table S12 ). This result indicated species-specific miRNA may also participate in 300 the flower bud development in plant. In addition, 3 conserved miRNA families, miR169, 301 miR1514 and miR397, were more than 1.6-fold greater in the NJCMS1C. Of the targeted 302 genes, 4 were found to be showing more than 2.0-fold higher in NJCMS1A (Table S12) . In plants, many miRNAs seem to be universally expressed across diverse tissues, including 308 the anther. Previous reports have found 100 known miRNAs in the Rf3 and rf3 pollens of 309 maize by Solexa sequencing (Yu et al. 2013) . In this study, 499 known pre-miRNAs 310 corresponding to 558 mature miRNAs, 103 novel miRNAs on the other arm of known 311 pre-miRNAs, and 10 novel miRNAs were identified in flower buds of the CMS line and its 312 restorer line of soybean. Among all these miRNAs, 76 differentially expressed miRNAs with 313 more than two-fold change between the flower buds of NJCMS1A and NJCMS1C were 314 identified (Table S7 ). Moreover, miR4393a and miR5667 were only expressed in NJCMS1A 315 and miR4346, miR4372a, miR4400, miR4994-5p, and miR5785 were only detected in 316 NJCMS1C (Table S7 ); we speculate that these miRNAs might be involved in a specific 317 process of flower bud development. By degradome analysis, 466 targets were chosen and 318 predicted to be cleaved by 200 miRNAs (Table S8 ). Among the identified targets of miRNAs, results showed that most of the targets of base-edited miRNAs were the same as those of the 334 unedited miRNAs (Table S11 ). However, as the base editing occurred, some targets were 335 filtered. For example, Glyma.08G122000.2 was targeted by gma-miR2118a-3p and 336 gma-miR2118b-3p, but when the base G at position 6 was changed to T, it no longer targeted (Glyma.08G005700.1) by degradome analysis (Table S11) . GmLAC4 were target genes of miR169 and miR397 (Table S12), respectively. Transcriptome
352
Sequencing showed these target genes were all more than 2-fold change expressed in 353 NJCMS1A (Table S12) Table S1 . 
Figure S4
Targets identification of gma-miR4403 and its base edited miRNA.
